Bikunin, a Kunitz-type protease inhibitor, exhibits anti-inflammatory activity in protection against cancer and inflammation. To investigate the molecular mechanism of this inhibition, we analyzed the effect of bikunin on tumor necrosis factor alpha (TNF-␣) production in human peripheral mononuclear cells stimulated by lipopolysaccharide ( 
The importance of inflammation in the pathological responses to cancer or to endotoxins of foreign origin is well recognized. Inflammatory stimuli induce cytokines, which mediate tissue responses in different phases of inflammation in a sequential and concerted manner (19) . Regulation of cytokine induction serves as a key mechanism of inflammation control by endogenous or exogenous chemicals.
Tumor necrosis factor alpha (TNF-␣) is a pleiotropic cytokine secreted by different cell types, including macrophages, mastocytes, T and B lymphocytes, and natural killer cells, in response to various stimuli, including lipopolysaccharide (LPS) (3) . TNF-␣ has been identified as a major mediator of inflammatory processes, one of the most dramatic being gram-negative endotoxic shock (3) . This cytokine mediates early-stage responses of inflammation by regulating the production of other cytokines, including interleukin-1␤ (IL-1␤) and IL-6. Abnormalities in the production or function of TNF-␣ play essential roles in many inflammatory lesions (7, 21, 22) .
Bikunin, a Kunitz-type protease inhibitor found in human amniotic fluid and urine, exhibits anti-inflammatory and antimetastatic functions in animals (13) and humans (15) . The clinical efficacy of bikunin therapy has also been investigated in patients with acute pancreatitis, lung injury (26) , severe sepsis (2) , preterm delivery (9), Stevens-Johnson syndrome, toxic epidermal necrolysis (11) , and advanced cancers (15) , as well as for prevention of surgical stress (30) . There are several reports suggesting that bikunin is a useful and effective therapy for controlling each of these diseases without any side effects (2, 9, 11, 15, 26, 30) .
The broad spectrum of the biological functions of bikunin suggests the existence of multiple molecular targets that mediate diverse responses to the compounds in cells (33) . Identifying the target molecules can facilitate the design of better therapeutic agents for protection against certain conditions associated with cancer and inflammatory diseases. Current understanding of the mechanism of action by bikunin comes mostly from studies on the suppression of several signaling cascades (32) . Upon exposure to bikunin, CD44 associates with an as-yet-unidentified receptor for bikunin and modulates the transcription of target genes through mitogen-activated protein kinase (MAPK)-and phosphoinositide-3-kinase-dependent transcription (32) . Thus, suppression of signaling activation can account for bikunin's preventive action against cancer. However, such mechanisms do not readily explain the antiinflammatory function of bikunin in humans, which is largely unaddressed at present.
The pivotal role of TNF-␣ in inflammation and the antiinflammatory activity of bikunin raise the question of whether the induction of TNF-␣ during inflammation serves as a target of anti-inflammation by bikunin. In this study, we tested this hypothesis by examining the effect of bikunin on the induction of TNF-␣ by LPS in human peripheral mononuclear cells (HPMC). Our data reveal that bikunin blocks LPS-induced expression of TNF-␣ in both a time-and dose-dependent manner in HPMC. To our knowledge, this study is the first report of inhibition of LPS-induced TNF-␣ production by bikunin in HPMC. Our findings provide new insights into the mechanism of protection against inflammatory diseases by bikunin.
harvested and counted with a hemocytometer. Centrifuged lysates (50 g) were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane by semidry transfer (14) . Membranes were blocked for 1 h at room temperature in Tris-buffered saline containing 0.1% Tween 20 (TBST) and 2% bovine serum albumin. Blots were probed overnight at 4°C with the primary antibodies phospho-ERK1/2, ERK1/2, phospho-p38 MAPK, p38 MAPK, phospho-JNK, and JNK and with horseradish peroxidase-conjugated secondary antibodies. The immunoblots were visualized by chemiluminescence with the ECL kit from Amersham Biosciences.
Statistics. Data are expressed as means Ϯ standard deviation of three independent triplicate experiments. Statistical analysis was performed by one-way analysis of variance, followed by Student's t test. P values of Ͻ0.05 were considered statistically significant. The log rank test was used to analyze the survival of animals injected with each subline.
FIG. 1. Time course of phosphorylation of ERK1/2, JNK, or p38 in response to LPS stimulation. (A) A representative experiment showing that phosphorylation of ERK1/2 (p-ERK1/2), p-JNK, or p-p38 in HPMC treated with 10 ng of LPS/ml for the indicated times was detected with anti-phospho-ERK1/2, anti-phospho-JNK, or anti-phospho-p38 antibodies, respectively. After stripping phosphor-specific antibodies, total protein levels of ERK1/2, JNK, or p38 in the same samples were detected with anti-ERK1/2, anti-JNK, or anti-p38 antibodies. (B) The phosphorylation level of protein in each group was presented as a ratio of phosphorylated protein to total protein, which was then normalized to each untreated time control. Data represent means Ϯ standard deviations (SD) for three experiments. ‫,ء‬ P Ͻ 0.05 compared with time control. Black column, p-ERK/ERK ratio; white column, p-JNK/JNK ratio; gray column, p-p38/p38 ratio. 
RESULTS
The transcriptional and posttranscriptional regulation of TNF-␣ biosynthesis by LPS in animal macrophage cells is well characterized (34) . We initially examined whether LPS induces TNF-␣ protein expression in isolated HPMC. LPS can induce a dose-dependent TNF-␣ expression with a 50% effective concentration of ϳ5 ng/ml (data not shown). The response is time dependent; the response reaches a maximum after 12 h of treatment with 10 ng of LPS/ml (data not shown). TNF-␣ protein expression in LPS-treated HPMC increased ϳ50-fold compared with time controls after 12 h of treatment. The increase in TNF-␣ production was abolished in the presence of 10 M cycloheximide, an inhibitor of protein synthesis that was applied 30 min prior to and during the LPS treatment (data not shown).
LPS-induced phosphorylation of ERK1/2, JNK, and p38 in HPMC. It has been reported (29) that ERK, JNK, and p38 are activated to a similar extent (5-to 10-fold) in human monocytes in response to LPS. Maximal kinase activity is observed at 15 to 30 min for all of the pathways. The activation of the ERK pathway is a major component of the effect of LPS (29) . Therefore, the regulation of tyrosine phosphorylation of MAP kinase (ERK1/2) by LPS was examined in HPMC. As shown in Fig.  1A , top panel, phosphorylation of ERK1/2 was detected after 5 min of exposure to 10 ng of LPS/ml, reached a maximum at 15 min, and then declined within 30 min. The phosphorylation of ERK1/2 was markedly increased 5.5-, 7.8-, 1.5-, and 1.3-fold in three experiments (P Ͻ 0.05 compared with time control) after 5, 15, 30, and 60 min of exposure to LPS, respectively. Total ERK1/2 protein levels remained relatively constant during the 2-h stimulation.
We next characterized the effect of LPS on phosphorylation and activation of JNK and p38. LPS (10 ng/ml) also induced a rapid phosphorylation of JNK (Fig. 1A , middle panel) and p38
( Fig. 1A , bottom panel) in HPMC. The effect on phosphorylated JNK and p38 reached a maximum within 15 min and mostly disappeared within 30 to 120 min. These results suggest that LPS transiently activates ERK1/2, JNK, and p38 signaling in HPMC.
Inhibition of LPS-induced TNF-␣ production by bikunin in HPMC.
To analyze the mechanism of anti-inflammation by bikunin, we examined the effect of this compound on LPSinduced production of TNF-␣ in HPMC. A very small amount of TNF-␣ protein was detected by a specific ELISA for TNF-␣ in controls (Fig. 2) . Bikunin alone does not affect the production of TNF-␣. Large quantities of TNF-␣ were produced in response to LPS, reaching a maximum of ϳ50-fold at 12 h. LPS-induced TNF-␣ production in HPMC was inhibited by bikunin in a dose-dependent manner, reaching 60% inhibition at the highest doses of bikunin tested (5.0 M). Thus, bikunin significantly blocks LPS-induced production of TNF-␣ protein in HPMC. Bikunin did not affect MTT activity, given either alone or in combination (data not shown). Furthermore, when HPMC were treated with bikunin, they constitutively expressed ERK1/2, JNK, and p38 MAPK proteins (Fig. 3 ). These data demonstrate that bikunin does not cause marked damage to the cells at the concentrations tested, and thus it does not exhibit a generalized reduction in protein synthesis or function.
Next, we analyzed the concentration-response curves. Bikunin inhibits LPS-induced TNF-␣ production in a dose-dependent manner (Fig. 2) . The 50% inhibitory concentration value of the inhibition by bikunin is ϳ1.0 M, which is similar to the potency of bikunin for other biological responses, such as the suppression of urokinase plasminogen activator (uPA) expression or cancer invasion (16) . Therefore, the inhibition by bikunin is moderate and may be mediated through a mechanism analogous to the suppression of uPA expression by bikunin.
Bikunin inhibits LPS-induced phosphorylation of ERK1/2, JNK, and p38. Figure 3 shows the effects of bikunin on the phosphorylation of ERK1/2, JNK, and p38 after exposure to 10 ng of LPS/ml. HPMC were pretreated for 60 min with bikunin or for 5 min with each pharmacological inhibitor before LPS exposure. LPS-induced phosphorylation of ERK1/2, JNK, or p38 was inhibited by 1.0 M bikunin (Fig. 3, lanes 3) . In a parallel experiment, pretreatment with 10 M PD98059 (MEK), 50 M SP600125 (JNK) and 15 M SB203580 (p38) had significant effects on LPS-induced ERK1/2, JNK, and p38 phosphorylation, respectively. IL-6. We tested whether suppression of TNF-␣ production by bikunin has an effect on the production of TNF-␣ target molecules in HPMC. As expected, Fig. 5 shows that LPS induces large increases in the production of IL-1␤ and IL-6 proteins 24 h after treatment. Bikunin markedly blocks LPS-induced production of IL-1␤ and IL-6 at both the 6-and 24-h time points (Fig. 5) .
Suppression of TNF-␣ release in vivo by bikunin.
To examine whether TNF-␣ was circulating in mice treated with LPS, sera from each mouse were assayed for TNF-␣ in sandwich ELISAs. TNF-␣ serum levels were determined 0.5, 1, and 3 h after the LPS challenge. Furthermore, mice were pretreated with bikunin and 60 min later challenged with LPS. Interestingly, the mean concentrations of TNF-␣ in mice pretreated with bikunin were significantly low (Fig. 6) . We found that bikunin is functional in vivo and this glycoprotein blocks systemic TNF-␣ release in mice challenged with LPS.
Bikunin protects mice in the endotoxin model. We finally ascertained the relative survival times of mice after i.p. injection of LPS with or without bikunin (Fig. 7) . We therefore used the murine endotoxin-D-GalN shock model as described previously (10) . D-GalN sensitizes mice to the toxic effects of TNF-␣ by several orders of magnitude (12) . In this experiment, mice were sensitized with 4 mg of D-GalN/mouse. D-GalNsensitized C57BL/6 mice were treated with bikunin 60 min before the LPS challenge. The mean survival rate of five mice receiving LPS alone was 20%. In contrast, pretreatment of five mice with bikunin increased the survival rate to 80%. There was a significant increase in the mean survival rate of the group receiving bikunin (P Ͻ 0.05). These data show that bikunin can FIG. 5 . Inhibition of LPS-induced IL-1␤ and IL-6 protein production by bikunin. HPMC were treated with or without bikunin for 1 h, followed by stimulation with LPS (1 g/ml) for 6 h (A) and 24 h (B), respectively. The culture medium was collected and assayed for IL-1␤ (black column) or IL-6 (white column) with ELISA kits specific for murine IL-1␤ or IL-6, respectively. The results represent the means and SD of three treatments. ‫,ء‬ P Ͻ 0.05 compared with the control.
FIG. 6. Inhibition by bikunin of LPS-induced TNF-␣ release in
vivo. Mice (n ϭ 36) pretreated with i.p. injection of bikunin (n ϭ 18) or phosphate-buffered saline (n ϭ 18) were treated with (n ϭ 18) or without LPS (n ϭ 18) (1 g/mouse). After 0.5 (three mice), 1 (three mice), and 3 (three mice) h, the mice were sacrificed, and TNF-␣ serum levels were analyzed. The results represent the means and SD of three treatments. ‫,ء‬ P Ͻ 0.05 compared with the LPS group (LPS 10 ϩ bikunin 0). on November 2, 2017 by guest http://cvi.asm.org/ prevent LPS-induced lethality and therefore might be a candidate for treatment of septic shock.
DISCUSSION
TNF-␣ plays a major role in regulating inflammation, mostly through the induction of inflammatory cytokines, including IL-1 (IL-1␣ and IL-1␤), IL-6, IL-8, macrophage inflammatory protein 2, granulocyte-macrophage colony-stimulating factor, and adhesion molecules (1, 21) . TNF-␣ is induced by many external stimuli, the strongest of which is the bacterial endotoxin LPS. Because TNF-␣ is the main mediator for a number of inflammatory toxic responses to chemicals, it represents a promising target for the prevention of inflammatory toxicity. These findings provide evidence that regulation of TNF-␣ production serves as an effective target of anti-inflammation (3).
The mechanism of anti-inflammation by bikunin, which may correlate with antimetastatic activities in cancer (17, 18, 33) , is largely unclear at present. In this study, we examined the regulation of TNF-␣ induction, a key event in inflammatory responses, by bikunin as a mechanism of anti-inflammation. We demonstrated the following. (i) LPS activates the ERK1/2, JNK, and p38 pathways in similar time courses in HPMC. Each specific pharmacological inhibitor fails to completely inhibit LPS-dependent signalings, suggesting that LPS activates the ERK1/2, JNK, and p38 pathways independently. (ii) HPMC activation by LPS leads to a 50-fold increase in TNF-␣ protein expression. (iii) Bikunin significantly inhibits LPS-induced production of TNF-␣ and its target molecules IL-1␤ and IL-6. (iv) Bikunin inhibits LPS-induced TNF-␣ expression, possibly through suppression of activation of ERK1/2, JNK, and p38 signaling pathways. (v) Most interestingly, bikunin could protect mice in the endotoxin model.
The interaction of bikunin with the signaling molecules can be either direct, in which it binds to the target(s), or indirect, in which it influences the functional groups of the protein by affecting the environment in cells. However, this hypothesis does not exclude other signaling mechanisms in the action of bikunin. Induction by LPS is mediated through complex signal transduction pathways involving both transcriptional (4, 27) and posttranscriptional mechanisms (3). Macrophage activation by LPS results in NF-B-dependent activation of TNF-␣ gene transcription, derepression of TNF-␣ mRNA translation, and secretion of TNF-␣ protein (24) . Analyses of the molecular mechanism by which bikunin suppresses activation of target proteins will provide new insights into the mechanism of antiinflammatory action by regulation of TNF-␣ production in future studies.
LPS binds the soluble LPS-binding protein, and the complex binds CD14. CD14 presents the LPS ⅐ LPS-binding protein complex to the LPS receptor Toll-like receptor 4 (TLR4) (28) . Signals originating in the LPS-triggered TLR4 receptor activate several signaling pathways, which involve ERK1/2. LPS also activates the JNK and p38 MAP kinase pathways, which relieve AU-rich element-dependent posttranscriptional repression, resulting in enhanced TNF-␣ mRNA stability and translation (24) . In addition, LPS activates Tpl2, a serine/threonine kinase type of proto-oncogene, leading to activation of the ERK1/2 pathway, which specifically controls TNF-␣ induction by regulating nucleocytoplasmic mRNA transport through a mechanism that targets the AU-rich element of the TNF-␣ mRNA (6, 23) . It is unclear at present, however, whether the activation of the ERK1/2, JNK, and p38 signaling pathways by LPS is sufficient for the induction of TNF-␣ expression in HPMC or which pathway plays a major role in the inhibition of TNF-␣ function by bikunin.
A previous study provided evidence (31) that bikunin can disrupt dimerization of CD44 proteins in cancer cell lines, which may result in the suppression of receptor-mediated MAP kinase signaling and subsequently reduce uPA at the mRNA and protein levels, indicating that the action of bikunin is not specific for the cytokine pathway. Given the recent recognition that some growth factor receptors can form heterodimers with CD44, we found that bikunin can inhibit these heterodimerizations and inhibit CD44/growth factor-dependent signaling (H. Matsuzaki et al., unpublished data). Bikunin does not alter the ligand binding, whereas it functionally reduces heterodimerization between CD44 and growth factor FIG. 7 . Survival of mice pretreated with or without bikunin after i.p. injection of LPS. D-GalN-sensitized C57BL/6 mice were treated with (five mice) or without bikunin (five mice) 60 min before the LPS challenge. These groups of female mice were monitored for morbidity. Survival of the animals was monitored, and the data were analyzed statistically by the log rank test. The survival of bikunin-treated mice was significantly longer than that of the control mice (P Ͻ 0.05). Experiments 1 and 2 were repeated twice. Increases were induced in the binding capacity of the macrophages for bikunin and its incorporation into them in the presence of LPS. These data allow us to hypothesize that bikunin may play a role through CD44-dependent and -independent mechanisms. Recently, it has been hypothesized that inter-␣-inhibitor (I␣I) is an anti-inflammatory compound (8) . I␣I is an abundant plasma protein and consists of three polypeptides, two heavy chains and one light chain, which corresponds to bikunin. Circulating I␣I levels were lower in patients with severe sepsis than in healthy volunteers. The administration of I␣I increased the 50% lethal dose in mice after an intravenous challenge of endotoxin (20, 35) . Thus, human I␣I may be a useful predictive marker and potential therapeutic agent in sepsis. These findings suggest that, in addition to bikunin, I␣I also plays a role in promoting endotoxic shock. Although there is no information about the I␣I-dependent signaling pathway at present, the possibility that proteins of the I␣I family are also involved in the progression of endotoxic shock through I␣I binding to macrophages and/or via their protease inhibitory activities deserves attention in the future. Another possibility is that after intravenous injection of I␣I, it may be cleaved into bikunin and heavy chains.
In conclusion, this study is the first report of inhibition of LPS-induced TNF-␣ production by bikunin in human peritoneal mononuclear cells. Our results suggest a mechanism of anti-inflammation by bikunin through the control of cytokine induction during inflammation, possibly through suppression of signal transduction.
